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I. INTRODUCTION
FO is caused by an oscillator of transceiver and dependent on the accuracy of an oscillator. In single carrier system, received QAM symbols are rotated due to FO, However, in multicarrier system such as DVB-C2 using OFDM, FO causes ICI among subcarriers and degrades the performance of a receiver [1] . Because FO of multicarrier system is more serious than single carrier system, it is preferable for FO estimator to have a fine resolution.
When FO is normalized to subcarrier spacing in multicarrier system, it consists of IFO and FFO. FFO estimator using CP in time domain can extract only the FFO of FO. Thus, IFO is estimated in frequency domain using USS after FFT.
We simulate the MSE of the FO estimation algorithm under AWGN with computer simulation and implement it with FPGAs. In addition, we measure the implemented FO estimator.
II. FOC
First, we introduce the implemented of OFDM system. Next, we explain the algorithm and simulated MSE of FO estimation. Last, we show the results of hardware measurement. Figure 1 shows the OFDM system we implement. As shown in Figure 1 , the transmitter in OFDM system consists of mapper, IFFT, CP generator, digital-to-analog converter (DAC) and upconverter. Mapper converts preamble and payload data into various QAM symbols by. USS is generated by two pseudo random binary sequences (PRBS) and is mapped by differential binary phase shift keying (DPBSK) for preamble pilot symbols. Preamble pilot symbols can be used for channel compensation and inserted for every 6 subcarriers [2] , [3] .
A. OFDM System
CP generator copies the last L samples of IFFT output and appends them to it. Upconverter modulates a baseband signal to 44 MHz intermediate frequency (IF) .
The receiver shown in Figure 1 consists of analog-to-digital converter (ADC), DDC, FOC, CP remover and FFT. DDC demodulates IF signal to baseband signal digitally. FOC is made of FFO estimator and IFO estimator. is normalized FO, is FFO and is IFO Table 1 shows the system parameters for 6MHz channel bandwidth [2] , [3] . Figure 2 shows the block diagram of DDC which consists of NCO, low pass filter (LPF) and Decimator. Figure 2 , from ADC to decimator, they operate at eight times the sampling frequency. The 3dB frequency of LPF is 3.42MHz. The signal spectrum after ADC is shown in Figure 3 . As shown in Figure 3 , the image of ADC input spectrum, indicated by dotted line, for downconversion of input signal is used. In other words, sin(2πf c t) is used instead of -sin(2πf c t) shown in Figure 2 . The factor of decimator is 8.
B. DDC

C. Estimation of FFO and IFO
FO can be normalized to ∆f and is expressed as equation (1).
where is normalized FO, is FFO and is IFO. Figure 4 shows FFO estimator [4] , [5] , [6] , [7] , [8] , [9] , [10] . The estimation of in Figure 4 can be expressed as equation (2) and estimated in time domain using CP of OFDM symbol.
where x(n) is IFFT output, z(n) and z'(n) are noise. As shown in equation (2), the estimation of FO using CP can extract only the FFO ( ) of FO ( ) and is affected with CP length.
The function of tan -1 ( ) is implemented by CORDIC algorithm shown in Figure 5 . As shown in Figure 5 , PH_LUT is a phase lookup table and generated in as equation (3).
where N is the iteration number. As N increases, the error of estimated phase (p) decreases. The red dotted line shown in Figure 5 is a basic cell. If N increases, the basic cell is added. Figure 6 shows the estimated phase error when input (v) have a value of between and and N is 16. As shown in Figure 6 , the estimated phase error is very small. IFO ( ) of FO ( ) is estimated in frequency domain after FFT and IFO estimator is shown in Figure 7 As shown in Figure 7 , k is the subcarrier index and IFO ( ) is estimated using USS and a correlator.
We simulate to evaluate the MSE of FO estimation under AWGN which can be expressed as equation (5).
∑ 5
where M is the number of simulation iteration, is given frequency offset and is the estimated frequency offset. Figure 10 shows the MSEs under AWGN. As CP length and E b /N 0 increase, the MSEs decrease monotonically. Figure 9 shows the spectrum of ADC input whose center frequency is 44 MHz and channel power is -14.43 dBm/6MHz. As shown in Figure 10 , the spectral line corresponds to the IF center frequency of DDC and is removed by LPF.
III. MEASUREMENT RESULTS
The estimated FO (nco_phi) from FFO and IFO estimator is shown in Figure 11 . If the nco_sign is 0, it means positive FO. Otherwise, it represents negative FO. The nco_phi is eight-digit hexadecimal and the first three digit of it is the normalized IFO and the other 5 digit of it is the normalized FFO.
IFO has the bit resolution of [12,12,u] and the first 12 means the number of the total bits, and the second 12 expresses the number of the integer bits, and u represents unsigned number. Because the IFO is 001, the floating value of it is 1. FFO has the bit resolution of [20,0,u] . Because the FFO is 49BA2, the floating value of it is 0.286875. Therefore, the un-normalized FO is 2.1568 kHz (Δf x 1 + Δf x 0.286875).
To test FO estimation, we change the IF center frequency intentionally listed in Table 2 . As shown in Figure 12 , Table 3 summarizes the measured FO with respect to various IF center frequency. As shown in Table 3 , the implemented FO estimator has 1 Hz frequency resolution approximately. 
IV. CONCLUSION
